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Satellite RNAsense mechanism plants use to ﬁght an invading virus. The silencing suppressor of
Turnip crinkle virus (TCV) is the viral coat protein (CP), which obstructs the DCL2/DCL4 silencing pathway.
TCV is associated with a virulent satellite RNA (satC) that represses the accumulation of TCV genomic RNA
and whose accumulation is repressed by the TCV CP. To investigate if reduced TCV accumulation due to satC
involves RNA silencing and/or the suppressor activity of the CP, TCVwas altered to contain amutation reported
to target CP silencing suppressor activity (Deleris et al., Science 313, 68, 2006). However, the mutation did not
cause an exclusive defect in silencing suppression, but rather produced a generally non-functional protein.We
demonstrate that a functional CP, but not DCL2/DCL4, is required for satC-mediated repression of TCV. In
addition, enhancement of satC accumulation in the absence of a functional CP requires DCL2/DCL4.
© 2008 Elsevier Inc. All rights reserved.IntroductionRNA silencing is an evolutionarily conserved mechanism in plants
and other eukaryotes by which host cells protect themselves against a
perceived threat in the absence of a speciﬁc resistance gene. This
system typically targets invasive nucleic acids such as viruses,
transposons and manually introduced transgenes. RNA silencing is
generally triggered by limited double-stranded RNA (dsRNA)
sequences found in highly structured regions of viral genomic RNA
or engineered fold-back loops of transgenes. Once activated, the
targeted RNAs are cleaved into 20–25 nt small interfering RNAs
(siRNAs) by a family of RNase III-like enzymes known as Dicers
(Bernstein et al., 2001; Hamilton and Baulcombe, 1999). The double
stranded siRNAs are then transferred into an RNA-Induced-Silencing-
Complex (RISC) where one strand is degraded and the other is used to
target transcripts with near or perfect complementarity (Chen 2003;
Doench et al., 2003; Hutvagner and Zamore 2002).
The model plant Arabidopsis thaliana encodes four Dicer-like (DCL)
homologs. Recent studies have demonstrated that viral siRNAs are
products of DCL2 and DCL4 cleavage (Bouchét et al., 2006; Deleris et al.,
2006; Xie et al., 2004). DCL1 has been widely studied for its important
role in the biogenesis of microRNAs, which are essential for the normal
development of structures such as ﬂowers and leaves (Aukerman and
Sakai, 2003; Bouchét et al., 2006;Chen2003).DCL3 is associatedwith the
production of siRNAs used to target highly repetitive DNA by interacting
with chromatin and methylation pathways (Gasciolli et al., 2005; Xie et
al., 2005). Studies of theDCL genes in Arabidopsis demonstrated that thel rights reserved.four loci can act in a functionally redundant manor, but that each Dicer
has a target pathway uponwhich it is most active (Bouchét et al., 2006;
Deleris et al., 2006; Gasciolli et al., 2005; Xie et al., 2005).
In an effort to counteract the effects of the host RNA silencing
pathway, viruses have evolved proteins that can suppress silencing.
Due to the limited coding capacity of a virus, suppressors are typically
multifunctional proteins that have a variety of other important
activities such as capsid formation or trans-activation of viral
transcription. Viral silencing suppressors likely evolved independently
of each other, as they have no identiﬁable sequence similarity, and
operate upondifferent stages of the silencing pathway (Diaz-Pendon et
al., 2007; Goto et al., 2007; Llave et al., 2000; Mallory et al., 2001;
Silhavy and Burgyán, 2004; Trinks et al., 2005; Qu et al., 2003; Voinnet
et al., 2000; Zhang et al., 2007). Suppressors are encoded by a variety of
viral polypeptides, ranging from proteases to structural proteins. The
helper-component protease-C (HC-Pro) protein encoded by the
potyvirus Potato virus Y was the ﬁrst protein identiﬁed as a silencing
suppressor (Anandalakshmi et al., 1998; Brigneti et al., 1998; Kasschau
and Carrington, 1998). Since this initial discovery, more than twenty
additional silencing suppressors have been identiﬁed in plant viruses
(for review see Roth et al., 2004).
Turnip crinkle virus (TCV) infects a wide range of plant species,
including many members of the Brassicacae family and the model
plant Arabidopsis. TCV is a single stranded positive-sense member of
the Carmovirus genus with a single RNA encoding ﬁve proteins (Fig. 1;
Carrington et al., 1989; Hacker et al., 1992). The 5′ ORF p28, and its
readthrough product p88 are required for viral replication (White et
al., 1995). p8 and p9 are translated from one of two subgenomic RNAs
and function in virus movement (Hacker et al., 1992; Li et al., 1998).
The coat protein (CP), translated from the smaller of the two
Fig. 1. SatC and TCV wt and mutant RNAs. Schematic representation of TCV genomic
RNA and satC. The ﬁve open reading frames of TCV are: p28 and its readthrough product
p88, required for viral replication; p8 and p9, required for viralmovement, and p38 (CP).
SatC is partially derived from the 3′ end of TCV. Similar sequences are shaded alike. The
location of mutations generated to construct UGA and M1 mutant viruses are shown.
Fig. 2. Effect of CP mutations on accumulation of viral genomic RNA and CP. (A) Col-0
and dcl2/dcl4 protoplasts were inoculated with 20 μg of in vitro transcribed viral RNA
and incubated at 25°C for 40 h. RNA was extracted and subjected to Northern analysis.
gRNA, genomic RNA; rRNA, ethidium bromide-stained 26S ribosomal RNA used as a
loading control. Right panels represent relative percent accumulation of genomic RNA.
Values are from three independent experiments. Error bars denote standard deviation.
To detect levels of CP, equal amounts of total protein were separated by 12% SDS-PAGE
and either subjected to immunotblot analysis (panel labeled “CP”) or stained with
Coomassie G-250. Immunoblots were probed with a polyclonal anti-TCV CP antibody.
Values below the panel represent the average of three independent experiments. (B)
Similar experiments conducted in whole plants. Col-0 and dcl2/dcl4 plants were
inoculated with 0.2 μg of in vitro transcribed viral RNA at the six- to eight-leaf stage.
Total RNA and protein were extracted at 14 dpi.
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in virion formation, the CP is the elicitor of gene-for-gene resistance in
Arabidopsis and functions as a suppressor of the RNA silencing
pathway (Carrington et al., 1989; Kachroo et al., 2000; Qu et al.,
2003; Thomas et al., 2003). While a functional CP is required for
systemic spread of TCV in wild-type (wt) host plants (Qu et al., 2003),
viral movement within the host is not dependent on virion formation
(Wang and Simon, 1999).
TCV can associatewith several non-coding subviral RNAs, including
a virulent satellite RNA, satC (356 b). SatC is composed of another
nearly full-length TCV satellite (satD,194 bases) at its 5′ end and part of
the TCVhelper virus at the 3′ end (Fig.1; Simon andHowell,1986). SatC
is referred to as a virulent satellite due to its ability to intensify
symptomswhen co-inoculatedwith TCV (Li and Simon,1990). Satellite
symptom enhancement correlates with reduced virion assembly,
which would increase the amount of free CP available for silencing
suppression (Zhang and Simon, 2003). Although symptoms are
intensiﬁed, the level of TCV accumulation is reduced by at least 30%
in plants and protoplasts in the presence of satC. Aside from its other
roles in capsid formation and silencing suppression, the TCV CP
represses satC accumulation in protoplasts, but has no effect on satD
(Kong et al., 1997a).
A recent report (Deleris et al., 2006) identiﬁed a mutation (M1) in
the CP ORF that was proposed to disrupt silencing suppression activity
without negatively affecting other normal CP functions such as virion
formation. Formation of virions was an indirect assumption based on
the ability of mutant CP expressed in transgenic plants to successfully
complement CP-minus TCV for sap-transmission to new host plants.
Here we show that stable, discrete virion particles are not detectable
in M1 virus-infected plants or protoplasts. In addition, the mutant CP
cannot suppress satC accumulation in vivo. We also provide evidence
that a functional CP (i.e., not M1 CP) is necessary for satC-mediated
reduction in helper virus levels and that enhancement of satC levels in
the absence of a functional CP requires the silencing pathway.
Results
Mutations in the TCV CP ORF can modulate viral infection in Arabidopsis
The original goal of this studywas to determine if the RNA silencing
pathway participates in satC-mediated reduction of TCV genomic RNA
levels. While a decrease in helper virus levels when associated with
some satRNAswas previously attributed to competition for replication
components, an alternative explanation is that the satRNA contributes
to additional silencing of the helper virus (Simon et al., 2004). If the
RNA silencing pathway is involved, then satC might have an enhanced
effect on a helper virus with a speciﬁc defect in silencing suppression.
Additionally, satC should have no effect on viral RNA accumulation in
cells debilitated in the virus-speciﬁc RNA silencing pathway.
Two mutations were individually introduced into the CP ORF
within a full-length TCV cDNA (Fig. 1). The M1 mutation, a G→Atransition at nucleotide position 2759 that results in a glutamic acid to
a lysine alteration, was previously reported to speciﬁcally target
silencing suppressor activity of the CP (Deleris et al., 2006). To produce
a TCV mutant incapable of translating CP, a C→U transition was
incorporated at nucleotide position 3107 (position 16 of the CP ORF),
which converts an arginine to an opal stop codon. These mutant viral
RNAs will be referred to as M1 and UGA, respectively.
Clones containing full-length mutant and wt viruses were in vitro
transcribed and viral RNAswith precise 5′ and 3′ endswere inoculated
onto Arabidopsis protoplasts and plants. Studies were carried out in
Columbia-0 (Col-0) as the wt background, and a dcl2/dcl4 double
mutant, which is deﬁcient for silencing TCV (Xie et al., 2005). Col-0
protoplasts inoculated with in vitro transcribed M1 and UGA RNAs
accumulated virus at 20–25% of wt TCV levels at 40 h postinoculation
(hpi; Fig. 2A). M1 and UGA accumulated more robustly in dcl2/dcl4
protoplasts, reaching 50 and 75% of wt TCV levels respectively. These
results suggest that M1 and UGA are targeted by the DCL2/DCL4
silencing pathway in single cells and are therefore unable to
accumulate to high levels in Col-0 protoplasts.
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absent CP cannot accumulate to high levels in host plants (Deleris et
al., 2006; Qu et al., 2003; Wang and Simon, 1999). As expected, Col-0
plants inoculated with UGA did not accumulate detectable virus at 14
or 21 days post inoculation (dpi, Fig. 2B). M1 also did not accumulate
detectably in Col-0 at both times assayed. In contrast, M1 and UGA
accumulated to 25–35% of wt TCV levels in dcl2/dcl4 plants (Fig. 2B).
These results are consistent with M1 being defective in silencing
suppression and thus repressed by the host RNA silencing system in
Col-0 plants and protoplasts, a condition that is partially de-repressed
in the dcl2/dcl4 background. The inability of M1 and UGA to reach wt
levels of accumulation in dcl2/dcl4 protoplasts and plants suggests
that the CP is providing additional function(s) associated with normal
infection in addition to suppressing the DCL2/DCL4 silencing pathway.
CP levels were also assessed in dcl2/dcl4 protoplasts and plants
infected by TCV, M1, and UGA. Total proteinwas isolated from infected
cells at 40 hpi or from plants at 14 dpi and subjected to immunoblot-
ting using polyclonal anti-TCV CP antibody. Wt TCV- and M1-infected
dcl2/dcl4 protoplasts accumulated comparable levels of CP, while UGA
did not generate detectable CP (Fig. 2A). Unlike dcl2/dcl4 protoplasts,
M1 CPwas present at much lower levels in dcl2/dcl4 plants thanwt CP,
while UGA produced no detectable CP (Fig. 2B).
M1 virus does not produce discrete virions in protoplasts or plants
The results above are consistent with the M1 CP having a speciﬁc
defect in silencing suppression, as previously suggested (Deleris et al.,
2006). However, an alternative explanation is that the M1 CP is
incapable of any normal CP function. To determine if the M1 CP is able
to properly assemble into capsids, total protein and virions were
isolated from Col-0 and dcl2/dcl4 protoplasts infected with TCV and
M1 by a protocol routinely used to isolate virions from TCV-infected
cells and tissues (Wang and Simon, 1999). M1 again accumulated
about 25% of the amount of CP as wt TCV in Col-0 cells and both
viruses accumulated similar levels of CP in dcl2/dcl4 cells (Fig. 3A).
Virions isolated from Col-0 or dcl2/dcl4 cells infected with wt TCV gave
a discrete product visible on agarose gels after immunoblotting (Fig.Fig. 3. Immunoblot analysis of virion accumulation in protoplasts. (A) Accumulation of
CP from Col-0 and dcl2/dcl4 protoplasts at 40 hpi. Equal amounts of protein were
separated by 12% SDS-PAGE and either subjected to immunotblot analysis or stained
with Coomassie. (B) Accumulation of virions from Col-0 and dcl2/dcl4 protoplasts at
40 hpi. Virions were separated on a 1% agarose gel, transferred to nitrocellulose and
probed with a polyclonal anti-TCV CP antibody.3B). In contrast, extracts from M1-infected Col-0 cells contained no
detectable discrete virus particles, which could be attributed to
insufﬁcient CP accumulation. However, discrete virions were also not
detected in M1-infected dcl2/dcl4 cells, where M1 CP expression was
equivalent to that of wt TCV. Instead, a reproducible smear was
evident, suggesting that CP aggregation was occurring without
culminating in particle formation (Fig. 3B). Virions extracted from
M1-infected dcl2/dcl4 plants produced a similar smear (data not
shown). This result strongly suggests that the M1 CP does not form
stable virus particles even when present at levels similar to wt CP.
M1 and UGA accumulation is not signiﬁcantly reduced in the presence of
satC
Co-inoculation of TCV with satC in plants and protoplasts
consistently results in a statistically signiﬁcant decrease in wt TCV
genomic RNA levels during the infection, which varies from about 30
to 70% (Kong et al., 1995; 1997a; 1997b; Oh et al., 1995; Wang and
Simon, 1999; 2000). To determine if silencing contributes to satC-
mediated reduction in helper virus levels, and whether this effect is
dependent on a functional CP, TCV, M1 and UGA were inoculated into
Col-0 and dcl2/dcl4 protoplasts in the presence and absence of satC. In
Col-0 protoplasts, the presence of satC reduced TCV levels by 50%, a
decrease that was statistically signiﬁcant using a paired t-test
(pb0.01; Fig. 4A). By comparison, the presence of satC affected the
levels of M1 and UGA in Col-0 by less than 5%, which was not
statistically different. In dcl2/dcl4 protoplasts, TCV levels decreased by
30% when co-inoculated with satC (pb0.01). In contrast, satC did not
reduce M1 and UGA by levels that were statistically signiﬁcant (Fig.
4A). These results suggest that a functional silencing pathway is not
responsible for the decrease in genomic RNA accumulation mediated
by satC. However, a functional CP is necessary for satC-mediated
reduction in helper virus levels and the M1 CP cannot support this
activity.
To determine if the CP of a related virus is able to support the
reduction in helper virus accumulation mediated by satC, TCV
engineered to contain the CP of the Carmovirus Cardamine chlorotic
ﬂeck virus (TCV-CPCCFV; Kong et al., 1995) was inoculated into Col-0
protoplasts in the presence and absence of satC. TCV and CCFV CP's
share 52% pariwise similarity at the amino acid level and 60% pairwise
similarity at the nucleotide level. In this experiment, satC reduced TCV
levels by 40% and reduced the level of TCV-CPCCFV by 68% (Fig. 4B).
Genomic RNA reductions mediated by satC were signiﬁcant for both
viruses (pb0.01). These data demonstrate that a heterologous but
related carmovirus CP can function in the satC-mediated reduction in
helper virus levels.
We also examined if a modiﬁed satC (C56G), can also reduce TCV
levels. C56G is full-length satC with 4 base alterations in the core
promoter hairpin (Pr). These alterations convert the Pr of satC to that
of a TCV defective interfering RNA (DI-G), which is very similar to the
Pr of TCV. The satC Pr was previously found to be important for satC-
mediated symptom attenuation of TCV with an altered CP (Wang and
Simon, 2000). In addition, the C56G Pr and the TCV Pr bind speciﬁcally
to CP, whereas the satC Pr does not (Wang and Simon, 2000). In Col-0
protoplasts, C56G reduced TCV levels by 70%, whereas in dcl2/dcl4
protoplasts, C56G reduced TCV levels by 58% (for both, pb0.01) (Fig.
4C). SatC-mediated reduction of TCV levels is therefore independent of
CP interaction with Pr.
SatC accumulation is reduced in the presence of the wt CP but not M1 CP
SatC levels are enhanced when the helper virus contains a deletion
of the CP or the CP of CCFV, suggesting that the TCV CP represses
accumulation of the satRNA (Kong et al., 1995). Repression of satC was
attributed at the time to a negative effect of the CP or its ORF on satC
replication or stability. To determine if the variation in satC levels is
Fig. 5. Analysis of satRNA levels in Col-0 and dcl2/dcl4 protoplasts. Col-0 or dcl2/dcl4
protoplasts were inoculated with satC or C56G, and TCV, M1 or UGA (for details see
legend to Fig. 4). (A) Relative percent accumulation was compared with satC co-
inoculated with TCV. All RNAs were normalized to ribosomal RNA bands on the
ethidium-stained gel. Error bars denote standard deviation in three independent
experiments. Asterisks denote statistical signiﬁcance to a p-valueb0.01 by t-test. (B)
Ratio of satellite to genomic RNA. Asterisks denote statistical signiﬁcance to a
p-valueb0.01 by t-test.
Fig. 4. Northern blot analysis of genomic RNA in the presence and absence of wt and
mutant satC. Relative accumulation in Col-0 and dcl2/dcl4 protoplasts 40 h after
inoculation with (A) TCV, M1 and UGA helper viruses or (B) TCV and TCV-CPCCFV (T/C),
with and without satC. (C) Relative accumulation of TCV with and without C56G (satC
with an altered core promoter hairpin [Pr]). Blots were hybridized with a probe speciﬁc
for TCV and satC. Relative percent accumulation of helper viruses was compared to wt
TCV in the absence of satC. RNAs were normalized to ribosomal RNA bands on the
ethidium-stained gel. Error bars denote standard deviation in three independent
experiments. Asterisks denote statistical signiﬁcance (comparing viral genomic RNA
levels with and without satRNA) to a p-valueb0.01 by t-test.
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capable of satC repression, satC levels were determined in Col-0 and
dcl2/dcl4 protoplasts using TCV, M1 and UGA as helper viruses. In
Col-0, satC accumulated to 40% higher levels (relative to ribosomal
RNA levels) when co-inoculated with M1 or UGA compared with wt
TCV, a difference that is statistically signiﬁcant (pb0.01) (Fig. 5A). This
difference was evident despite reduced levels of M1 and UGA genomic
RNAs that accumulate in Col-0 compared with wt TCV.When the ratio
of satC to helper virus RNAwas considered, satC/M1was 5-fold higher
and satC/UGA was 2-fold higher than satC/TCV (Fig. 5B). The satC/M1
and satC/UGA ratio values were statistically different from the satC/
TCV value by a signiﬁcance of pb0.01. These results are similar to
those foundwhen TCV-CPCCFV was used as helper virus in inoculations
of Col-0 protoplasts (Kong et al., 1995). In contrast, satC levels variedonly slightly when dcl2/dcl4 protoplasts were co-inoculated with TCV,
M1 or UGA (Fig. 5A), and there was no signiﬁcant difference in those
values or the ratio of satC to helper virus (Fig. 5B). These results
suggest that in the absence of a functional CP, DCL2/DCL4 contribute to
enhancing the satC/helper virus ratio.
Discussion
The principal goal of these studies was to elucidate viral and/or
host factors that contribute to satC-mediated reduction in helper virus
levels. Previous explanations for the ability of satRNAs to repress
accumulation of their helper virus centered on a perceived ability to
more successfully compete for limited quantities of shared replication
components. However more recent studies suggested a second
possibility: subviral RNAs such as satC that share substantial sequence
similarity with the helper virus might be affecting host innate
immunity. This may occur by enhancing the targeting of the virus
through the RNA silencing pathway by the generation of small RNAs
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(Simon et al., 2004).
By making use of a recently reported CP mutation (M1) thought to
exclusively target the silencing suppressor activity of the CP (Deleris et
al., 2006), as well as protoplasts and plants deﬁcient in the anti-viral
silencing pathway (dcl2/dcl4), the contribution of RNA silencing to
satC-mediated repression of TCV levels could be explored. As shown in
Fig. 2, M1 virus levels in the absence of added satRNAwere reduced in
Col-0 protoplasts compared with dcl2/dcl4 protoplasts and absent in
Col-0 plants, similar to ﬁndings for TCV engineered to have an early
stop codon in the CP ORF (UGA). These data indicate that silencing is
active at the single cell level in Arabidopsis as was found in Nicotiana
protoplasts (Qi et al., 2004), and that efﬁcient virus accumulation in
Col-0 requires a functional CP.
When satC was included with TCV in the inoculum, helper virus
levels were consistently reduced in both Col-0 and dcl2/dcl4
protoplasts. This demonstrates that functional DCL2 and/or DCL4
are not required for satC-mediated repression of virus levels.
However, M1 and UGA genomic RNA levels were not altered by a
statistically signiﬁcant amount by satC co-inoculation in either Col-0
or dcl2/dcl4 protoplasts. This unexpected result suggested that
despite ﬁnding no apparent contribution of DCL2/DCL4 to satC-
mediated virus repression, the silencing suppression activity of the
CP appeared important. However, a second possibility was that the
M1 mutation was incorrectly identiﬁed as targeting only the
suppressor function of the CP. Deleris et al. (2006) proposed that
the M1 mutation genetically uncouples silencing suppression and
virion formation in the TCV CP, thus the mutant CP maintains critical
structural features required to correctly package TCV RNA. This
proposal was made based on the ability of Arabidopsis expressing M1
CP to support the sap transmission of a mutant TCV that contained a
deletion of the CP ORF. However, while it is known that virions are
not required for long-distance movement of TCV within a host (Wang
and Simon, 1999), a requirement for virions in sap transmission of
TCV has not been established. Plants and protoplasts infected with
M1 virus did not accumulate discrete virions that could be isolated
using a standard virion isolation protocol (Fig. 3), suggesting that the
M1 mutation is not exclusively targeting silencing suppression
activity.
To further explore the functionality of the M1 CP, we assayed if
the mutant CP was capable of suppressing satC levels in infected
tissues. Previous studies examining satC levels when the helper virus
contained a deletion of the CP ORF (TCVΔCP) or had the CP of CCFV
(TCV-CPCCFV) indicated a higher level of satC accumulation relative to
control ribosomal RNA levels (Kong et al., 1995). As shown in Fig. 5,
satC levels were enhanced when associated with the UGA helper
virus, which has only single site alteration in the RNA, suggesting
that a functional CP and not the RNA ORF is responsible for
repression of satC. TCV with the M1 mutation also produced
enhanced levels of satC, indicating that the M1 CP is additionally
incapable of repressing satC. The ratio of satC/M1 was two-fold
higher than the ratio of satC/UGA in Col-0 protoplasts, a value that is
statistically signiﬁcant. The reason for this difference is not known
but may reﬂect an unknown dominant-negative effect of the mutant
M1 CP on M1 genomic RNA levels. The inability of the M1 CP to form
discrete virions or to repress satC levels strongly suggests that the
mutation debilitates CP functions in general and is not speciﬁc for
silencing suppression. Therefore, a requirement for CP silencing
suppressor activity cannot be inferred from results using the M1
virus.
Since TCV-CPCCFV levels were also reduced by satC, the CCFV CP is
also capable of participating in satC-mediated helper virus repression.
In addition, since the CCFV CP cannot bind to the 3′ terminal hairpin of
TCV (the core promoter), unlike the TCV CP, the Pr-binding function of
the CP is not involved. This conclusion was supported by ﬁnding that
satC with a Pr similar to that of TCV (C56G), and which is capable ofbinding CP (unlike the Pr of satC; Wang and Simon, 2000), is also able
to repress TCV levels. Altogether, these results suggest that some
function of the carmovirus CP, and not necessarily the silencing
suppressor activity of the CP or its ability to interact with the 3′ Pr, is
required for repression of genomic RNA by satC.
An increasing number of activities have been identiﬁed as
associated with the TCV CP: viral RNA encapsulation; RNA silencing
suppression; avirulence factor necessary for resistance to the virus; Pr
hairpin-binding protein; repression of satC in Col-0; and now satC-
mediated repression of helper virus RNA accumulation. How the CP is
involved in the latter activity, and whether this is related to some of
the other CP functions is not known. One possibility is if satC directly
interacts with TCV genomic RNA in such as way as to disrupt helper
virus replication, and this interaction is stabilized by the CP. Since
translation of CP is a late event while replication is an early event, this
possibility would require the participation of CP entering cells with
the virus.
SatC levels were similar when TCV, M1 or UGA was the helper
virus in dcl2/dcl4 protoplasts, suggesting that an active DCL2/DCL4
silencing pathway is necessary for enhanced satC accumulation when
a functional CP is absent. This ﬁnding suggests that accumulation of
some subviral RNAs may be enhanced rather than repressed by the
host silencing machinery. One possible explanation is if DCL2 and/or
DCL4 normally produces a small RNA of host or viral origin that
enhances satC replication. Wt CP would suppress production of such
an RNA, leading to lower satC accumulation. This could be similar to
the ﬁnding for Hepatitis C virus, which requires an endogenous
microRNA (mi122) for accumulation in Huh7 cells (Jopling et al
2005).
Materials and methods
Virus strains and plasmid constructs
Plasmids containing full-length cDNAs of TCV-M (pT7TCVms; Oh
et al., 1995), TCV-CPCCFV (Kong et al., 1995), wt satC (pT7satC+; Song
and Simon, 1994) and C56G (Wang and Simon, 2000) downstream of
a T7 RNA polymerase promoter have been described. To construct M1
and UGA, pT7TCVms was digested with ApaI and PstI to remove a
2.7 kb portion of the plasmid containing the CP ORF and 3′UTR. PCR
was used to amplify two fragments of ca. 1.0 to 1.5 kb using TCV
cDNA as template. One of the two fragments contained a PstI site at
its 5′ end and a mutant-speciﬁc restriction enzyme at its 3′end. The
other fragment contained the mutant-speciﬁc restriction enzyme at
its 5′end and an ApaI site at its 3′ end. The two fragments were
digested with the appropriate enzymes and ligated together to
produce a 2.7 kb fragment with PstI at its 5′ end and ApaI at its 3′end
then ligated into the pT7TCVms backbone. The M1 mutation was
engineered using KpnI (which added two additional silent muta-
tions) and UGA was created using an endogenouse BspEI site. All
positive clones were sequenced by Clemson University Genomics
Institute (CUGI, Clemson, SC). For M1, the entire CP ORF was
sequenced to conﬁrm that no additional cloning-related mutations
were present.
Plant growth and inoculation
Arabidopsis plants were grown at 20 °C under a 16 h light cycle. The
oldest true leaf pair at the six-leaf stage were mechanically inoculated
with 0.2 μg of in vitro transcribed viral RNA alone or alongwith 0.02 μg
of in vitro transcribed satRNA as previously described (Kong et al.,
1997a). Mock plants were treated with equal parts inoculation buffer
and distilled H2O. Plants were allowed to grow for 14 days before
being harvested. Viral and satellite RNAs were synthesized in vitro
using SmaI-digested, full-length cDNA clones and T7 RNA polymerase.
These RNAs contain precise 5′ and 3′ ends.
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Protoplasts were prepared from Arabidopsis callus cultures that
were initiated from Col-0 and dcl2/dcl4 seeds and inoculated as
previously described (Kong et al., 1997b). Protoplasts (5×106) were
inoculated with 20 μg of in vitro synthesized viral RNA alone or in
combination with 2 μg of in vitro synthesized satRNA. Total RNA,
protein and virions were extracted at 40 hpi.
RNA gel blots and analysis
Total RNAwas extracted as described by (Simon et al., 1992). Three
micrograms of total RNA was separated on 1% agarose gels, imaged
using ethidium bromide staining, transferred to a nitrocellulose
membrane and viral and satRNAs detected using a complementary
32P-labeled oligonucleotide. Viral genomic and satRNA levels were
normalized to levels of stained ribosomal RNAs. Densitometry analysis
from TIFF images of each gel or autoradiography ﬁlm was conducted
using Quantity One software (BioRad).
Statistical analysis
All percentage values were normalized using the arcsine-square
conversion then compared using a t-test. All calculations of t-values
were done using the calculator available at www.physics.csbsju.edu/
cgi-bin/stats/t-test. All p-values were calculated using the website
www.danielsopr.com/statcalc.
Protein gels and immunoblotting
Total protein was extracted as previously described (Wang and
Simon, 1999). Proteins were separated on a 12% SDS-PAGE gel,
transferred on to Immobilon-P transfer membranes (Millipore) at 10 V
for 30min using a TransBlot Semi-dry Transfer Cell (BioRad) and probed
with a polyclonal antiserum against TCV coat protein. SuperSignalWest
Pico Chemiluminescent Substrate kit (Pierce) was used for chemilumi-
nescent staining according to themanufacturer's instructions.
Virion isolation and immunoblotting
Virions were isolated from inoculated protoplasts as described
previously (Kong et al., 1997b). Brieﬂy, leaf tissue or protoplasts were
ground in 0.2 M NaOAc pH 5.2, 0.1% beta-mercaptoethanol and ﬁltered
through cheesecloth. One-fourth volumeof fresh40%PEG8000,1MNaCl
was added, the solutionmixed, and then incubated overnight at 4 °C. The
mixturewas subjected to centrifugation at 13,000 rpm for 60min and the
pellet resuspended in 10 mM NaOAc, pH 5.5. Five microliters of each
sample was loaded onto a non-denaturing 1% agarose gel. Following
electrophoresis, the gel was gently agitated for 20 min each in 50 mM
NaOH; 0.2M sodium acetate pH 5; and 25mM Tris, 192mM glycine,10%
methanol. Virions were then transferred to an Immobilon-P transfer
membrane using the TransBlot Semi-dry Transfer Cell (BioRad) and
chemiluminescent staining conducted as described above.
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